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Accurate chromosome segregation during mitosis and meiosis is essential for cell viability. Two
papers in this issue ofCell (Kitajima et al., 2011;Magidson et al., 2011) describe chromosomemove-
ments during cell division with unprecedented accuracy, revealing previously unrecognized
features of chromosome spindle alignment and paving the way to quantitative phenotypic and
mechanistic analyses of chromosome alignment during prometaphase.Like any operation, the surgical separation
of chromosomes is not for the faint-of-
heart. In the turmoil of mitotic and meiotic
cells, the surgery rooms,aneutral observer
might be induced to conclude that the frail
chromosomes are doomed for carnage.
As one chromosome is pulled wildly in
one direction, another one is forced to
oscillate furiously about the metaphase
plate, and yet another one stands in rigor,
apparently lifeless. But despite every
appearance, there is order in this process.
And when the surgeon’s scalpel finally
makes its appearance, chromosomes are
almost invariably accurately divided and
delivered in good shape to daughter cells.
Two papers in this issue of Cell by the El-
lenberg and Khodjakov groups report
a comprehensive recording, at high spatial
and temporal resolution, of the movement
ofchromosomes thatprepare theirdivision
in mammalian cells, uncovering a logic in
this process that had so far escaped the
observers’ attention (Kitajima et al., 2011;
Magidson et al., 2011).Mitosis is about dividing the sister chro-
matids, i.e., the replicated chromosomes
created during the preceding S phase of
the cell cycle. The sisters retain cohesion
until the endofaprocessnamed ‘‘congres-
sion’’ or ‘‘alignment,’’ whose ultimate goal
is to gather all chromosomes on the spin-
dleequator, themetaphaseplate (Figure1).
Only then, a feedback control mechanism
that responds to the state of chromosome
alignment licenses a ‘‘surgeon’’ protease
for activation, eventually promoting the
separation of sister chromatids.
Contrarily to mitosis, the sisters retain
cohesion during the first meiotic division
(meiosis I). What become separated in-
stead are the homologous chromosomes
(e.g., the maternal and paternal chromo-
somes 10). This requires their previous
pairing and subsequent alignment at the
cell’s equator. Mitosis and meiosis have
in common that in both cases the chro-
mosomes (the sister chromatids inmitosis
and the homologs in meiosis I) must
achieve a configuration, known as bio-rientation, on the mitotic spindle before
they become separated (Figure 1).
The spindle is a complex dynamic
structure consisting of tubulin polymers,
microtubules, and microtubule-associated
proteins, including several molecular
motors that harness chemical energy to
carry out mechanical work. In 1986, Mitch-
ison and Kirschner hypothesized that the
morphogenesis of the mitotic spindle
results from the selective stabilization of
spindlemicrotubules by the chromosomes
themselves, a hypothesis generally known
as ‘‘search and capture’’ (S&C) (Kirschner
and Mitchison, 1986). This hypothesis
incorporated a crucial property of microtu-
bules earlier discovered by the same
authors and baptized ‘‘dynamic instability’’
(Mitchison and Kirschner, 1984). Dynamic
instability is the ability of microtubules to
undergo repeated cycles of rapid growth
and shrinkage over a wide range of tubulin
monomer concentrations. Through con-
tinuous polymerization and depolymer-
ization, microtubules can continuously6, August 19, 2011 ª2011 Elsevier Inc. 499
Figure 1. Schematic Views of Mitosis, Meiosis I, and the Pro-
metaphase Belt
Duringmitosis, the sister chromatids (replicated chromosomes) aim to achieve
amphitelic attachment (top left), in which each sister kinetochore (red dot)
binds end-on to microtubules (green) from opposite spindle poles. Centro-
somes and centrioles are shown in black and yellow, respectively. During
meiosis I, the homologs (light and dark blue) pair through chiasmata and
achieve biorientation by fusing sister kinetochores. Centrosomes are missing
in oocytes, and the poles are created by coalescence of several microtubule-
organizing centers (MTOCs). In both mitosis and meiosis I, there is an inter-
mediate stage of alignment, the prometaphase belt (right). In this configura-
tion, the kinetochores interact laterally with the microtubules, rather than
through the end-on attachments shown on the left-hand side of the figure. The
chromosomes lie at the periphery of the spindle and their arms are excluded
from the microtubule mass.probe cellular space, be-
coming selectively stabilized,
through capping of their
dynamic end, after encoun-
tering the desired cellular
target. For instance, the
random encounter of a micro-
tubule with a kinetochore,
a structure providing a point
of contact of chromosomes
with microtubules, leads to
selective stabilization of the
kinetochore-bound microtu-
bule (Mitchison andKirschner,
1985). We now know that
stabilization results from a
combination of chemical
modifications of the kineto-
chore as well as the presence
of tension at the kinetochore-
microtubule interface (Tanaka,
2010).
If in the S&C model spindle
bipolarization is viewed to
emerge from random interac-
tions of spindle microtubules
with kinetochores and from
the selective stabilization
of ‘‘on target’’ microtubules,
an important conceptual
advance brought about by
thesenewstudies is that kinet-
ochore-based stabilization of
microtubules is a relatively
late event in spindle formation
(Kitajima et al., 2011; Magi-
dson et al., 2011). Through an
imaging tour-de-force, the
authors were able to acquirecomplete recordings of chromosome
movement during meiosis I in mouse
oocytes (Kitajima et al., 2011) and during
mitosis in human somatic cells (Magidson
et al., 2011). Oocytes are large and lack
centrosomes, the main microtubule-orga-
nizing centers in metazoans. On the other
hand, somatic cells are small and contain
centrosomes. These differences likely ex-
plain why the very first steps of spindle
assembly are different in meiotic and
somatic cells.
In both cases, however, the process
converges toward the formation of a
bipolar spindle under the action of spe-
cific molecular motors (Kitajima et al.,
2011; Magidson et al., 2011). A surprising
observation is that chromosomes appear
to remain at the margin of the process500 Cell 146, August 19, 2011 ª2011 Elsevieduring the initial phases. In both mitotic
and meiotic cells, they are seen on the
outer surface of the microtubule mass of
the spindle. There, they form a circular
belt around the forming spindle but remain
notably excluded from the spindle’s
center, with their arms protruding away
from the spindle. In this phase, the chro-
mosomes seem to interact rather tenu-
ously with spindle microtubules through
lateral interactions that generate little or
no tension in the kinetochore region.
These initial attachments are therefore
clearly distinct from mature attachments,
in which the chromosomes occupy the
central area of the metaphase plate and
interact with microtubules through robust
‘‘end-on’’ interactions at their kineto-
chores that generate high tension. Consis-r Inc.tently, congression of chromo-
somes to the equatorial belt
appears to be independent
of the main components of
the microtubule receptor at
the kinetochore, the Ndc80
complex (Magidson et al.,
2011). Rather, plus-end-
directed motors known as
chromokinesins, which asso-
ciate primarily with chromo-
some arms during mitosis,
contribute to the lateral sliding
of chromosomes toward the
equatorial belt. An analogous
function has been previously
attributed to another plus-
end-directed motor, CENP-E
(Kapoor et al., 2006), and it
will be important to formalize
the relative contributions of
the plus-end-directed motors
to the initial congression of
chromosomes on the pro-
metaphase belt.
It has been previously
argued that the likelihood of
an encounter between micro-
tubules and kinetochores
might be too small to justify
rapid alignment of all chromo-
somes on the spindle (Woll-
man et al., 2005). At least in
part, this limitation of a ‘‘pure’’
S&C mechanism might be
corrected through the ability
of kinetochores to nucleate
microtubules that can sub-
sequently promote congres-sion through interaction with other spindle
microtubules (Tanaka, 2010). Supported
by a modeling approach, Khodjakov and
colleagues (Magidson et al., 2011) now
argue that the precongression of chromo-
somes to the prometaphase belt might
be another way to correct ‘‘pure’’ S&C,
this time by increasing the likelihood of
an encounter between the microtubules’
plus ends and the kinetochores when the
latter cluster near the spindle’s equator.
Overall, these observations suggest
that chromosomes might have modest
influence on the initial bipolarization of
the spindle. It is only subsequently to
initial congression to the prometaphase
belt that kinetochores appear to start in-
teracting with microtubules in the end-
on fashion to achieve proper amphitelic
attachment (attachment of sister kineto-
chores to opposite spindle poles) and,
presumably, microtubule stabilization.
Probably due to the multipolar nature of
the centrosome-free meiotic spindle in
mouse oocytes even when kinetochores
become active players, biorientation is
not achieved easily. By monitor-
ing distances between centromeres in
paired homologs during the late phases
of alignment in meiosis I, Kitajima and El-
lenberg (Kitajima et al., 2011) provided an
impressive quantitative overview of chro-
mosomes’ multiple attempts to biorient
and demonstrated that Aurora B kinase is
crucial for the correction of the many erro-
neous attachments.
A very intriguing implication from these
studies is that chromosomes might exer-
cise temporal control on the ability of their
kinetochores to form end-on attach-
ments, as also hypothesized in a previous
study (Gassmannet al., 2008). It is possible
that the suppression of sturdy end-on
attachment in early mitosis serves thepurposeofpreventing the formationof tight
kinetochore-microtubule interactions be-
fore spindle bipolarization, which has
beenshown toenhance the riskof chromo-
some attachment errors and lagging chro-
mosomes at anaphase (Ganem et al.,
2009).
The ability to observe unperturbed
chromosome movements in live dividing
cells at the impressive resolution ob-
tained in these studies is bound to lead
the way to more quantitative analyses of
mitotic and meiotic perturbations. Such
perturbations are believed to be at the
heart of what is probably the most fre-
quent, and paradoxically most often ig-
nored, genetic abnormality of cancer
cells, aneuploidy. As importantly, in oo-
cytes aneuploidies generated in the first
meiotic division are the leading cause of
infertility and severe congenital diseases.
Accurate descriptions of the proceedings
of cell division will shed a new light on
mitosis under normal and pathological
conditions.Cell 14REFERENCES
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Biological membranes are two dimensional, making the discovery of quasi-one-dimensional diffu-
sion of membrane proteins puzzling. Jaqaman et al. (2011) now show that actomyosin and tubulin
interact to establish long, thin diffusion corridors, thereby increasing the effective concentration of
select membrane proteins to promote their interactions and modulate signaling.Ever since Gorter and Grendel’s dis-
covery 80 years ago that red blood cells
have enough lipid for two molecular
layers, biologists have been debating
how proteins diffuse and interact in the
membrane bilayer. A more recent part of
the debate, the lipid raft model, rejects
the notion that membrane proteins arehomogenously distributed in favor of
a model in which membrane proteins are
characterized as raft-associated or not
(Lingwood and Simons, 2010). This gen-
eralization, however, has proven a simpli-
fication, and other models for limiting
receptor diffusion have since been pro-
posed. Observed confinement zoneshave led to ‘‘fence’’ models (Morone
et al., 2006). In this issue, Jaqaman et al.
(Jaqaman et al., 2011) consolidate the
general idea of ‘‘fence’’ models and ex-
tend the paradigm by showing that the
integral membrane protein CD36 clusters
in elongated Brownian trajectories, effec-
tively increasing protein concentration.6, August 19, 2011 ª2011 Elsevier Inc. 501
